Introduction
============

Insertion sequences (ISs) can be considered autonomous because they encode the enzyme required for their own transposition, the transposase. They can move between genetic elements such as chromosomes, plasmids, and viruses, and across species boundaries ([@evu052-B7]; [@evu052-B46]). Although their autonomy makes ISs highly promiscuous elements, IS activity is linked to and can be regulated by various host processes ([@evu052-B24]), such as the response to nutritional stress ([@evu052-B55]), DNA damage ([@evu052-B28]), the SOS response, and, generally, chromosomal replication ([@evu052-B6]). The association between transposition and DNA replication has been documented, among others, for IS1 ([@evu052-B61]), IS10 ([@evu052-B37]), IS50 ([@evu052-B60]), IS903 ([@evu052-B16]), Tn7 ([@evu052-B59]; [@evu052-B26]), Mu ([@evu052-B25]), or IS608 ([@evu052-B53]). Because the known transposition pathways often require host enzymatic functions ([@evu052-B10]; [@evu052-B54]; [@evu052-B26]; [@evu052-B17]), including DNA polymerases and other factors implicated in DNA replication, it is possible that transposition takes place concurrently with chromosomal replication, but no general mechanism linking these processes has been proposed.

The interplay between chromosomal replication and other processes, such as transcription or chromosomal segregation, shapes the organization of bacterial chromosomes ([@evu052-B40]; [@evu052-B48]). It can result in specific patterns of localization or orientation of genes in the chromosome relative to the origin or replication and the direction of advance of the replication fork. For example, highly expressed genes tend to cluster near the origin of replication in fast-replicating bacteria ([@evu052-B9]), and essential operons like those encoding the highly expressed *rrn* genes tend to be placed in the leading strand, possibly to prevent the instability caused by head-on clashes between the replication and transcription machineries ([@evu052-B39]; [@evu052-B49]; [@evu052-B29]). ISs are a special class of genetic elements because they could potentially be placed almost anywhere in the chromosome and in any orientation. However, if transposition is mechanistically linked to replication, the interplay between the two processes could be reflected in detectable chromosome-wide patterns. For example, IS608, a member of the IS200/IS605 family, presents an overall orientation bias in the chromosome caused in part by its requirement for single-stranded DNA (ssDNA), present preferentially in the lagging strand ([@evu052-B53]).

Despite the documented interplay of ISs with DNA replication, a key to IS ubiquity could be its minimal interaction with the host. Indeed, there are few instances of documented contacts between transposases and host proteins. A recent study showed that TnsE, a Tn7-encoded factor that targets transposition preferentially to replicating conjugative plasmids, interacts with the β sliding clamp ([@evu052-B26]). β is an essential replication factor that provides processivity to DNA polymerases and coordinates numerous enzymatic activities in the replisome ([@evu052-B22]; [@evu052-B18]). However, Tn7 encodes five proteins, and it was unclear whether interactions with the replisome could be generalized to transposases of less complex mobile elements.

In this study, we first analyzed the orientation of ISs in bacterial genomes with the goal of detecting patterns indicative of an interaction of these elements with chromosomal replication. Our findings suggest that up to 18 IS families show patterns of orientation in chromosomes that are consistent with an interplay between IS transposition and host DNA replication. Further, we show that the orientation biases are IS-family specific and not the result of selection for a specific orientation. Second, we searched for interactions between transposases and the β sliding clamp and find that up to nine different transposases or associated factors interact with this host protein. Our combined results suggest that transposition and replication could be linked and take place coordinately.

Materials and Methods
=====================

Genomic Data Set and Computational Pipeline
-------------------------------------------

File collections containing orientation and coordinates of protein coding genes (\*.ptt), predicted protein sequences (\*.faa), and chromosomal nucleotide sequences (\*.fna) of partially and completely sequenced prokaryotic genetic elements were downloaded from the bacterial section of the National Center for Biotechnology Information (NCBI) Genome database, on October 24, 2012, as well as a summary file containing a table that linked accession numbers, replicon type (chromosome, plasmid), and taxonomic name. A computational pipeline written in Perl allowed navigation across the whole collection of files and directed the execution of a number of public domain or in house developed applications to detect, classify, and count IS elements according to their orientation, as described in the following sections. The working, curated data set consisted of 2,074 completely sequenced, circular, bacterial chromosomes, out of which 1,806 contained at least one IS (harbored by 1,685 species or strains).

IS Detection and Classification
-------------------------------

The collection of predicted proteins from the genomic data set (6,055,750 sequences) was aligned with HMMER 3.0 against the Pfam 26.0 database ([pfam.sanger.ac.uk](pfam.sanger.ac.uk), last accessed March 19, 2014) of domain profiles ([@evu052-B33]), using domain-specific score thresholds to filter the hits. The output of HMMER was processed with a Perl script to reconstruct protein architectures using a positional competition strategy to assemble the predicted protein domains allowing no overlaps. IS-related proteins were identified by comparing the new annotations against a list of 286 architectures that were considered characteristic of proteins encoded by IS elements and that were composed by a restricted collection of Pfam domains ([supplementary table S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1) online). The architecture list was generated by manually extracting IS-encoded protein descriptions from the Pfam database and characterizing the domain structure of IS-encoded proteins from the ISfinder database ([www-is.biotoul.fr](www-is.biotoul.fr), last accessed March 19, 2014) ([@evu052-B47]; [@evu052-B33]). We were able to identify 80,443 IS-associated genes. Once IS-related proteins had been identified in the set of bacterial genomes, IS elements were predicted following a strategy, articulated in four steps, that took into account that ISs can be composed of several genes and that they can appear in chromosomes as tandem insertions, making difficult the definition of their boundaries. In the first step, clusters of consecutive IS genes (separated by intergenic distance ≤ 500 bp) were identified in all genomes to calculate distance distributions for all possible pairs of IS-related gene types (as defined by the architecture of the corresponding gene products). In the second step, cluster detection was repeated, this time restricting the allowed intergenic distances to gene pair-specific distance ranges, deduced from the previous step (mean ± 2 SD). Clusters detected in this step had ten genes at most. In the third step, the resulting collection of clusters was used to manually derive a list of 209 clusters that were accepted as representatives of the genetic organization of complete IS elements, on the basis of their correspondence to described IS structures ([supplementary table S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1) online), abundance (assuming that highly abundant and distributed clusters should correspond to complete IS elements), and length (in terms of number of genes). Each of these clusters was classified as belonging to a particular IS family. Accepted clusters had three genes at most. In the fourth step, each IS gene cluster detected in the second step was decomposed into all possible collections of nonoverlapping accepted subclusters to identify the collection that maximized the length of subclusters. Each subcluster from the optimal collection was then assigned to a particular IS family following the correspondences established in the list of accepted clusters ([supplementary table S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1) online). A total of 57,515 subclusters were detected, each of them representing a complete IS, that comprised 69,438 (86%) of the IS-related genes. The remaining genes could correspond to chimeric or degenerated IS elements or be composed of protein architectures with ambiguous correspondence to IS families.

To validate the IS detection and classification system of our computational pipeline, we performed two tests. For the first test, we estimated transposase-related gene prediction recall relative to the annotations compiled in PTT files. The total number of genes, in the set of 2,074 completely sequenced, circular, bacterial chromosomes, whose annotation in PTT files contained the string "transpos" was 65,230. A total of 55,800 of them were identified as IS-related genes by the pipeline, which implies an 85% recall rate. Thirty-four percent of the recovered genes had been annotated simply as "transposase" in PTT files. The pipeline identified 24,643 additional IS encoded genes. For the second test, we determined IS family classification accuracy by comparison against the complete set of annotated prokaryotic chromosomes available, in April 2013, from the genomic component of ISfinder (ISbrowser) ([@evu052-B19]). The comparison involved 866 genes, coming from 33 chromosomes, that had been described as constitutive of IS elements by both ISbrowser and by our computational pipeline. The fraction of genes, considered globally, in which IS family affiliations coincided was 88%. The fraction of genes, by IS family, in which IS family affiliations coincided had average and median values of 79% and 100%, respectively.

Test on the Orientation Distribution of IS elements in Chromosomes
------------------------------------------------------------------

The orientation of each IS element was defined by the orientation of its transposase gene relative to the local GC skew sign. GC skew \[(*G* − *C*)/(*G* + *C*)\] reflects an asymmetric nucleotide composition of the leading and lagging strands in Bacteria. The mechanism by which this asymmetry is created is unclear, but it could be related to the mutational or selective pressures on each DNA strand ([@evu052-B41]). In genomes that have not suffered recent rearrangements, the two replicores have a different GC skew sign. GC skew was taken as a proxy for the direction of movement of the replication fork to correct for the effect of recent genome rearrangements. For each genome, GC skew was calculated with a Perl script over nonoverlapping 3,001-bp-long genome segments. Then, a second script identified genome blocks with a minimal length of 10,000 bp that were composed of consecutive segments having the same GC skew sign but allowing the inclusion of segments with the opposite sign if they were shorter than 10,000 bp. Two blocks with different GC skew sign, corresponding to the replicores defined by the positions of the origin of replication and the termination site, were identified in 60% of the chromosomes. The occurrence of multiple blocks in the remaining genomes can be explained in part as consequence of recent genomic rearrangements. IS element orientation relative to local sign of GC skew was defined as same (*s*) when the coding strand of the transposase gene had the same sign as that of the container GC skew block and anti (*a*) when the signs were different. The output of the pipeline consisted of a pair of orientation counts (*s*, *a*), for each genome and for each IS family, describing the number of IS elements presenting either of the two possible orientations. To test whether IS elements were distributed randomly in the pair of orientation classes, counts were contrasted against a random binomial distribution with *P* = 0.5 and a two-tailed *P* value was calculated ([supplementary table S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1) online).

Tests on the Orientation Distribution of IS Elements at Phylum Level
--------------------------------------------------------------------

We then set out to determine whether IS families showed a bias at Phylum level by combining information from the chromosomes in each Phylum. The *P* values obtained in the tests on the orientation distribution of IS elements at chromosomal level (cumulative binomial probabilities, calculated as described earlier) were taken as a measure of the lack of randomness in IS orientation for individual species. To obtain a test statistic representing a combined measure of the lack of orientation randomness for each IS family at Phylum level, we obtained the product of the *P* values calculated on the corresponding chromosomes, following a strategy similar to that of [@evu052-B2]. To minimize database bias, we chose randomly only one chromosome per species (1,215 chromosomes; see [supplementary table S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1) online, chromosomes labeled red). Because the distribution of such statistic is unknown, statistic values were contrasted against distributions generated after 10^6^ sample, IS family-specific Monte Carlo simulations that assumed the random orientation of IS elements ([@evu052-B3]). Simulated data sets had the same IS distribution of the original data in terms of number of chromosomes, number of IS copies per chromosome, and number of IS copies per IS family. Left-tailed *P* values were calculated as the fraction of simulated samples whose value was equal or lower than the value of the statistic calculated on the original data.

Detection of β-Binding Motifs in *Escherichia coli* Transposases
----------------------------------------------------------------

To search for the β-binding motif among *Escherichia coli* transposases, we downloaded a collection of 2,578,009 *E. coli* protein sequences from the NCBI database (July 9, 2012) from which we identified 53,235 IS-related proteins after assembling Pfam-based architecture descriptions as described earlier. We then used BlastClust ([@evu052-B1]) to generate a subset consisting of 10,980 unique sequences. Both the nonredundant set of *E. coli* IS-encoded sequences and the collection of 80,443-associated genes derived from the genomic analysis were analyzed with the application Fuzzpro of the EMBOSS package ([@evu052-B36]) to explore the occurrence of β-binding motifs (QLSLF and selected derivatives). Hits were filtered with a Perl script and then manually curated.

β and *Mba*PCNA-Binding Assays
------------------------------

See [supplementary information](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1) online, for protein purification methods. β was labeled with Alexa Fluor 350 C5-maleimide (Life Technologies) as recommended by the manufacturer. Maleimide-labeling results in one label per β monomer at Cys-333 and do not alter its interaction with DNA polymerases or its activity in replication assays ([@evu052-B15]; [@evu052-B22]). Peptides were purchased from Thermo Fisher Scientific GmbH (Ulm, Germany).

We used two assays to determine if the transposase-derived peptides bind to β and the location of the interaction on the surface of β. The binding assay directly tested the interaction of β with the peptide, whereas the second tested the ability of the peptide to compete a preformed complex of β with the little-finger domain of DNA polymerase IV. This domain binds strongly to β, and its three-dimensional structure is known ([@evu052-B5]).

The binding assay using magnetic beads was performed in a volume of 50 μl using 700 μg of streptavidin-coated magnetic beads (Sigma Aldrich) in Buffer M (50 mM TrisCl, 100 mM NaCl, 5% glycerine, pH 7.5). Biotinylated peptides (440 μM) were mixed with the beads, incubated (30 min, 25 °C), and washed three times before addition of labeled β (4.5 μM) or *Mba*PCNA (3 μM). After incubation (10 min, 25 °C), unbound β was removed by three washes with the same buffer. The reactions were stopped by addition of 1% SDS, subjected to SDS-PAGE electrophoresis, and β visualized on a UV transilluminator.

The competition assay was performed in 20 μl in Buffer R (40 mM Tris acetate, 1 mM ethylenediaminetetraacetic acid \[EDTA\], 3% glycerine, 12% DMSO, pH 8.3) supplemented with labeled β (0.55 μM). GST-Pol IV^LF^ (3 μM) and the different peptides (100 μM) were added as indicated. Reactions were incubated (10 min, 25 °C) and loaded on a native gel (7.5% acrylamide/bis 37.5:1, 40 mM Tris acetate, 1 mM EDTA, 10% glycerine, pH 8.3). Electrophoresis (80 min, 16 mA) was performed at 4 °C in TAE buffer. The reaction products were visualized on a UV transilluminator.

Results
=======

Orientation Biases of IS Families in Bacterial Chromosomes
----------------------------------------------------------

To gain insight into the possible interaction between ISs and the host, we analyzed patterns of orientation of ISs in fully sequenced bacterial chromosomes. ISs were detected and classified following the ISfinder database after producing Pfam-based annotations for all predicted protein sets (see Materials and Methods and [supplementary table S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1) online, for IS classification scheme and nomenclature). The orientation of each IS element was defined by the orientation of its transposase. IS orientation patterns were investigated for each chromosome and each IS family by scoring the number of IS elements having either orientation relative to the sense of movement of the replication fork as defined by the local GC skew sign to take into consideration possible recent chromosomal rearrangements. We analyzed the orientation of 57,515 ISs in 1,806 completely sequenced circular bacterial chromosomes ([supplementary table S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1) online). We further analyzed only those cases in which six or more copies of a given IS family were found per chromosome and, to avoid database redundancy, in only one strain for each bacterial species ([supplementary table S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1) online). We observed 153 cases of significant orientation bias (*P* \< 0.05) of IS families in chromosomes. These could mostly be assigned to a subset of eight IS families for which there was a bias in a large proportion of chromosomes containing six or more copies of the IS. Thus, families IS200 (32% of chromosomes), IS200/IS605 (25%), IS607 (35%), and ISNCYa (20%) tend to be significantly biased for orientation in favor of the sense of advance of the replication fork (i.e., leading strand) in many chromosomes, whereas families IS91 (25%) and ISL3 (16%) show consistent bias for orientation against the sense of movement of the replication fork (i.e., lagging strand). Families IS5a (11%) and IS110 (9%) showed no clear trend: In some chromosomes, the bias was toward a location in the leading, whereas in others, it was toward location in the lagging strand. Mapping of the biased IS families on the chromosomes showed that most IS insertions were well distributed and likely to be the result of independent transposition events ([fig. 1](#evu052-F1){ref-type="fig"}*A*). We found numerous chromosomes in which two different IS families were significantly biased, either in the same or in opposite orientations ([fig. 1](#evu052-F1){ref-type="fig"}*B*), in each case reflecting the pattern of IS bias specific for each family. F[ig]{.smallcaps}. 1.---IS orientation biases in bacteria. (*A*) Representative examples for ten IS families biased for their orientation in bacterial chromosomes. *P* values are given in [supplementary table S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1) online, for each IS family and chromosome. The chromosomes are not drawn to scale, and the trace represents the GC skew drawn using the program Artemis of the Sanger Institute ([@evu052-B43]) with a window size of 10 kb. Regions of positive GC skew (green) or negative GC skew (magenta) represent the two replichores. The arrows represent individual ISs inserted in the chromosome. For positive GC skew (green), an arrow pointing downward represents an IS oriented in the direction of movement of the replication fork, and an arrow pointing upward represents an IS oriented against the direction of movement of the replication fork. The opposite applies for regions of negative GC skew. (*B*) Representative examples of chromosomes with two biased IS families of opposite orientations. For *Photobacterium profundum*, these are IS200 (blue arrows) and IS630 (red); for *Streptococcus salivarius*, IS200 (blue) and ISL3 (green); and for *S. pyogenes*, IS3 (gray) and ISAs1 (magenta).

Many of the IS families analyzed (IS1, IS3, IS4a, IS4b, IS4c, IS5b, IS5c, IS5d, IS6, IS30, IS66a, IS66b, IS256, IS481, IS630, IS701, IS982, IS1182, IS1380, IS1595, IS1634, ISAs1, ISAzo13, ISNCYb, Mu, Tn3, and Tn7) showed bias in few or no chromosomes. In some cases, the low number of chromosomes in which the IS was detected (ISAzo13) or the low number of ISs per chromosome (Mu, Tn3, and Tn7) precluded the detection of statistically significant differences. Also, it is likely that bias in IS families that had proliferated quickly and abundantly in chromosomes were easier to detect than in IS families which propagated slowly and in low numbers, as chromosomal reorganizations would blur any original orientation bias. We therefore sought to determine whether orientation biases could be generalized for higher taxonomic levels by considering the counts derived from groups of chromosomes in which a given IS family had been detected. Again, we included only one strain for each bacterial species ([supplementary table S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1) online, chromosomes marked in red). We calculated a new statistic for each IS family and compared its value against IS family-specific distributions derived from Monte Carlo simulations (see Materials and Methods). In addition to the families detected by observation of individual chromosomes, we found patterns of statistically significant biased orientation in ten IS families ([table 1](#evu052-T1){ref-type="table"}). Thus, IS66a, IS256, and ISAs1 showed a tendency toward placement in the leading strand; IS3, IS6, IS30, IS481, and ISNCYb showed a tendency to be located in the lagging strand; and IS630 and Tn3 presented a mixed behavior. Further, we found that for many IS families, the biased patterns of orientation were, surprisingly, Phylum dependent. Thus, orientation bias is highly significant (*P* \< 10^−2^) for ten IS families in Firmicutes but only for three IS families in Proteobacteria and two in Actinobacteria. No biased IS families were found in any other phyla (see [supplementary table S6](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1) online, for Bacteroidetes, Cyanobacteria, and Spirochaeta). Orientation bias in Firmicutes also was particularly strong, with *P* values \< 10^−5^, for seven IS families. Analysis of the relative abundance of IS families in the different groups revealed that the orientation biases in Firmicutes did not arise from higher numbers of certain IS families in the chromosomes of these organisms ([table 1](#evu052-T1){ref-type="table"}). Table 1Statistical Significance for the Nonrandom Orientation of IS ElementsProteobacteriaActinobacteriaFirmicutesChr.ISOrient.Chr.ISOrient.Chr.ISOrient.IS13311440.295------------------IS335826010.2731009680.3801591115**5.95 × 10^−4^**IS4a432510.22018830.260---------IS4b17820.116---------8210.511IS4c10840.0903------------------IS5a1357350.749---------83439**5.00 × 10^−6^**IS5b1759690.336553440.3608270.375IS5c511920.684------------------IS5d---------241000.4667470.233IS6501530.3679420.81535104**1.21 × 10^−3^**IS212037870.085968218**0.0183**1615090.380IS30802890.241531860.20091500**6.00 × 10^−6^**IS66a1356400.0876---------3397**0.0193**IS66b13440.8494360.8117260.667IS9163174**6.53 × 10^−3^**---------11260.138IS1102601442**6.10 × 10^−5^**734390.345112721**\<1 × 10^−6^**IS200221651**\<1 × 10^−6^**---------89270**\<1 × 10^−6^**IS200/IS60527580.090111230.3993890**9.40 × 10^−5^**IS256152711**0.0140**795780.51097564**0.0161**IS48121260**0.0357**431470.493---------IS607---------830**1.00 × 10^−6^**28103**\<1 × 10^−6^**IS6301451061**0.0398**392520.379251200.565IS701472340.223331680.1186260.204IS982302850.813---------241450.653IS1182862910.054526820.294793860.312IS1380281390.20416390.33915730.673IS1595953330.3406260.1577330.519IS16348490.227------15950.282ISAs148201**0.0142**142490.756854**0.0138**ISL3913360.343563330.27084496**\<1 × 10^−6^**ISNCYa682210.139---------53203**\<1 × 10^−6^**ISNCYb------1072**9.69 × 10^−3^**---------Tn370138**0.0186**20430.237---------Tn746610.0875------------------[^2]

IS Orientation Biases Are Not Generated by Postinsertion Selection
------------------------------------------------------------------

Our analysis of IS bias in chromosomes revealed that, for ten IS families, the Firmicutes showed a strong bias. Comparative genomics has shown that general gene orientation is nearly neutral for Proteobacteria or Actinobacteria but tends to be highly biased for Firmicutes and Tenericutes, where 78% of genes are co-oriented with the movement of the replication fork ([@evu052-B38]). It has been speculated that this phenomenon arises to prevent clashes between the DNA replication and transcription machineries, which can eventually lead to genomic instability, and substantial in vitro and in vivo experimental evidence seems to support this model ([@evu052-B58]; [@evu052-B49]; [@evu052-B29]). However, it is not known why the orientation bias is especially strong in Firmicutes and Tenericutes and not in the other groups (see later for biochemical differences between the replisomes of the different groups).

Because ISs are typically very recent additions to chromosomes and do not encode essential or highly expressed genes, it is unlikely that they are subject to selection for any given orientation. However, to determine whether the observed IS orientation biases could just reflect a general preference for insertion in a specific orientation or the effect of selection, we determined global orientation for non-IS encoded and IS-encoded genes in 1,727 bacterial chromosomes ([fig. 2](#evu052-F2){ref-type="fig"}). As previously observed ([@evu052-B38]), we detected a strong trend for non-IS genes to be placed in the leading strand (i.e., direction of movement of the replication fork) in Firmicutes and Tenericutes but not in other groups ([fig. 2](#evu052-F2){ref-type="fig"}*A*). However, we find that IS-related genes (transposases and associated factors) show no orientation bias when considered globally in each chromosome, even in Firmicutes ([fig. 2](#evu052-F2){ref-type="fig"}*B*). Further, there is no correlation between orientation bias for non-IS genes and IS genes in Firmicutes chromosomes ([fig. 2](#evu052-F2){ref-type="fig"}*C*), as it would have been expected if the processes that generate orientation biases were linked. This finding does not present a contradiction with our earlier result of many IS families showing strong orientation bias, as some IS families are consistently oriented in favor and others against replisome movement. In consequence, no net bias is found when considering IS genes globally in chromosomes. Indeed, numerous examples can be found of chromosomes in which different biased IS families show opposite orientation trends ([fig. 1](#evu052-F1){ref-type="fig"}*B*). F[ig]{.smallcaps}. 2.---Global gene orientation for 1,727 circular bacterial chromosomes. (*A*) General gene orientation excluding IS-related and RNA-encoding genes. The chromosomes of four major bacterial phyla are represented: Proteobacteria (blue diamonds, 1,009 chromosomes, 3,067,992 genes, leading/lagging strand ratio = 1.07, *R*^2^= 0.89), Actinobacteria (red circles, 224 chromosomes, 837,682 genes, ratio = 0.79, *R*^2^= 0.82), and Firmicutes and Tenericutes (green triangles, 494 chromosomes, 1,287,236 genes, ratio = 2.58, *R*^2^= 0.76). (*B*) Orientation of IS-related genes (transposases and associated factors) in genomes for the Proteobacteria (44,504 transposase genes, ratio = 1.05, *R*^2^= 0.94), Actinobacteria (9,202 transposase genes, ratio = 1.00, *R*^2^= 0.92), and Firmicutes and Tenericutes (17,255 transposase genes, ratio = 0.97, *R*^2^= 0.79). (*C*) Correlation between the ratios of IS-gene orientation and no-IS gene orientation is inexistent in Firmicutes.

Taken together, our data strongly suggest that IS orientation bias for the leading or the lagging strand is unlikely to be the result of selection for co-orientation of IS genes and fork movement but rather specific and intrinsic to the structure and mechanism of transposition of each IS family.

Interaction of Transposases with the β Sliding Clamp
----------------------------------------------------

The antiparallel nature of DNA imposes a number of asymmetric features to the DNA replication machinery, its movement, and the synthesis of each strand. The asymmetries in turn lead to various strand-specific differences and biases. For example, IS200 requires ssDNA for transposition, and the excess of ssDNA in the lagging strand could directly explain the strong bias of this IS family in most chromosomes in Proteobacteria and Firmicutes, as described by [@evu052-B53]. However, an excess of ssDNA would not account for the orientation bias found for other IS families in Firmicutes but absent in Proteobacteria. Although mechanistically highly similar, the replication fork of Proteobacteria and Firmicutes differ in some relevant ways: In *E. coli,* only one DNA polymerase (DnaE) is responsible for processive synthesis, whereas in *Bacillus subtilis,* there are two (PolC and DnaE) ([@evu052-B44]). Further, recent stoichiometric analyses of the *E. coli* and *B. subtilis* replisomes have shown that although in *E. coli* there are only 3--6 β sliding clamps per fork ([@evu052-B34]), presumably due to fast recycling of β to new Okazaki fragments, β accumulates during lagging strand synthesis in *B. subtilis* (up to 200 β/fork, forming "clamp zones") ([@evu052-B50]). Therefore, we reasoned that if transposases or associated factors interacted with β, the difference in β amounts associated with leading and lagging strand synthesis could account for biases in IS insertion in Proteobacteria and Firmicutes. Within the replication fork, the β sliding clamp interacts with a large number of enzymes, which share a short and poorly conserved binding motif (consensus: Q-L-S-L-F/L, Q~1~, and L~4~ being the most strongly conserved residues) ([@evu052-B11]). We therefore searched transposases and accessory factors for this specific sequence, focusing on *E. coli* because of the large number of sequenced genomes and because the interactions of β in this model organism have been extensively analyzed ([@evu052-B22]). In contrast to *E. coli*, no ISs have been detected in the *B. subtilis* 168 chromosome. Because transposases are frequently toxic and insoluble when overexpressed, we exploited the fact that β-binding motifs are often located on highly flexible, peptide-like, structures at the C-terminus of the protein ([@evu052-B11]; [@evu052-B5]; [@evu052-B22]). Further, unlike most protein--protein interactions, which implicate relatively large surface areas, interactions with β are mostly circumscribed to the motif binding to a hydrophobic pocket on β ([@evu052-B14]). We synthesized N-biotinylated peptides (20 aa) derived from sequences of transposases containing putative β-binding motifs ([fig. 3](#evu052-F3){ref-type="fig"}*A*), as well as peptides in which Q~1~ and L~4~ had been changed to alanine, and assayed them for β binding by two methodologies. First, we bound the peptides to streptavidin magnetic beads and tested their ability to bind and retain fluorescently labeled β. We find that peptides derived from transposases belonging to nine IS families (IS5a, IS30, IS66a, IS91, IS200, IS1380, ISL3, ISNCYa, and Tn7) bind to β and that their mutated variants do not ([fig. 3](#evu052-F3){ref-type="fig"}*B*). F[ig]{.smallcaps}. 3.---Interaction between transposases and the β sliding clamp. (*A*) List of peptides used in the binding assays, aligned at the β-binding motif. The Pol IV peptide was used as a positive control. Peptides derived from transposases found in *Escherichia coli* chromosomes. Residues corresponding to the consensus β motif are in bold type and those mutated to alanine, underlined. Two peptides (a and b) were designed for different regions of the TnpC protein of IS66a (see *E*). Two homologous peptides (1 and 2) were designed corresponding to variants of IS200 transposase. NCBI accession numbers for protein sequences are shown. (*B*) Peptides were coupled to streptavidin-coated paramagnetic beads and used to retain purified Alexa 350-labeled *E. coli* β. In each panel, the native (wt) and the mutated (mut) peptides were used. (*C*) Fluorescently labeled β whose mobility was retarded in a native gel by interaction with GST-Pol IV^LF^ was challenged with an excess of transposase-derived peptides, as indicated (See Materials and Methods). (*D*) N-biotinylated peptides derived from the C-terminus of *Methanosarcina barkeri* IS200 were bound to streptavidin-coated magnetic beads as in *B* and used to probe interaction with *M. barkeri* PCNA (left panel) or *E. coli* β (right panel). The PCNA consensus motif (bold) and the residues mutated in the mutated peptide (underlined) are marked. (*E*) Structure of IS66 and diversity in sequence and location of β-binding motifs. The motif can be present in TnpB, TnpC, or in both, and in TnpC, it can be located upstream or downstream of the leuzine zipper domain (LZ). In some Bacilli (Firmicutes), the LZ domain is an independent open reading frame and presents the β-binding motif at its C-terminus (see [supplementary table S5](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1) online).

To determine the interaction site on the surface of β, we tested the peptides in a competitive, native gel mobility-shift assay, using the C-terminal domain ("little finger") of *E. coli* DNA polymerase IV (PolIV^LF^). PolIV^LF^ binds strongly to a hydrophobic pocket on the surface of β that is also the binding site for the other four polymerases in *E. coli* and for various DNA repair factors ([@evu052-B5]; [@evu052-B22]). Therefore, this competition assay would assure high specificity in the interaction, despite the relative simplicity of the consensus Q-L-S-L-F/L motif. The peptides were tested for their ability to disrupt the β·GST-PolIV^LF^ complex by adding them in a molar excess to the reaction and then separating the products. We find that all peptides that bound to β in the streptavidin-binding assay were also capable of binding β in competition with GST-PolIV^LF^ ([fig. 3](#evu052-F3){ref-type="fig"}*C*), suggesting that they interact with β in the same fashion as other β ligands. The mutant peptide variants, again, were unable to compete with GST-PolIV^LF^.

The β-binding motifs found in these transposases are conserved ([supplementary table S5](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1) online), suggesting that interaction with β is widespread across phylogenetic groups. Conservation is extensive to Archaeal ISs, but in this case, the PCNA motif is present (consensus Q-x-x-L/I-x-x-F-F) ([fig. 3](#evu052-F3){ref-type="fig"}*D* and IS200 in [supplementary table S5](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1) online). Purified and labeled *Methanosarcina barkeri* PCNA binds strongly to a peptide derived from *Mba*IS200 transposase ([fig. 3](#evu052-F3){ref-type="fig"}*D*). Because the PCNA motif is a related variant of the β motif, we tested if *Mba*IS200 could interact with *E. coli* β. Indeed, *Mba*IS200 interacts with *E. coli* β, and point mutants of this peptide no longer bind to *Mba*PCNA or β ([fig. 3](#evu052-F3){ref-type="fig"}*D*). Our results suggest that interaction with the replisome would not likely limit the transmission of archaeal ISs to bacterial chromosomes, and few mutations would be required to adapt a bacterial transposase to the archaeal replication machinery.

Discussion
==========

We have performed a general survey on sequenced bacterial genomes to explore patterns of IS insertion that could reveal interactions between transposition and the synthesis of the host chromosome. We find that some IS families reveal orientation patterns that significantly deviate from randomness and that are consistent with an interaction with replication ([fig. 1](#evu052-F1){ref-type="fig"}), specifically in Firmicutes ([table 1](#evu052-T1){ref-type="table"}). The data strongly suggest that postinsertion selection is not a general cause of the observed orientation bias among ISs but rather that orientation trends derive from the interplay between the transposition mechanism of each IS family and host chromosomal replication. Independently, we have analyzed a possible interaction between transposases of various IS families and the β sliding clamp, an essential replication factor. We find that up to nine different transposases can bind to β, suggesting that this is a general mechanism of interaction of transposases with the host.

The Source of IS Orientation Biases in Chromosomes
--------------------------------------------------

The main hypothesis guiding our analysis of ISs in bacterial genomes was that, if IS insertions are associated with host replication, they could, given some conditions, present orientation patterns in the chromosome. Importantly, our study was severely limited by various factors, namely 1) the heterogeneity present within some IS families (e.g., variability in the orientation of the transposase gene with respect to other elements within the IS); 2) the requirement of a relatively high number of ISs per chromosome to achieve statistical significance (orientation patterns in IS families with low copy number per chromosome could be undetectable); 3) our inability to distinguish between IS insertions resulting from transposition within the chromosome from those incorporated into chromosomes within large blocks of DNA ("genomic islands," prophages); and 4) the uncertainty derived from using current GC skew as a proxy of replication fork orientation, as any chromosomal rearrangements would tend to randomize any orientation bias.

Despite the mentioned limitations, our analysis of IS orientation in bacterial chromosomes revealed strong orientation bias (*P* \< 10^−2^) for three IS families in Proteobacteria, two in Actinobacteria, and ten in Firmicutes ([table 1](#evu052-T1){ref-type="table"}). What could be the underlying biological phenomenon generating a biased orientation of ISs in chromosomes? Biases could have been generated by 1) preferred insertion of ISs in nonrandomly oriented sequences in the chromosome, 2) postinsertion selection favoring specific orientation, or 3) by transpososome interaction with an asymmetrical structure within the replication fork. The first possibility, target sequence specificity, has been observed for Tn7, in which the Tn7-encoded protein TnsD directs insertions to a specific location on the chromosome near Ori (attTn7) ([@evu052-B56]). Also IS110, a family for which we find strong orientation bias in Proteobacteria and Firmicutes, could possibly reflect oriented insertion into targets such as REP sequences ([@evu052-B52]), the terminal repeats of IS21 ([@evu052-B27]), or the recombination sites (attC) of integron gene cassettes ([@evu052-B51]; [@evu052-B32]), which could themselves be biased. However, most ISs show little or weak sequence specificity ([@evu052-B7]), and the highly distributed placement of most ISs in chromosomes of phylogenetically diverse bacteria renders unlikely the possibility of generalized sequence targeting as a source of bias for most IS families.

The second mechanism, postinsertion selection, could possibly generate a bias if, for example, transcription from upstream genes altered expression of the transposase and this had an effect in viability or if the IS altered regulation of neighboring genes ([@evu052-B31]). However, our analysis of orientation of ISs in bacterial chromosomes does not reveal any global orientation bias of the IS population in chromosomes, even in those with a very strong gene orientation bias, such those of Firmicutes ([fig. 2](#evu052-F2){ref-type="fig"}).

Finally, an interaction between transposition and replication could also generate an orientation bias, as it has been recently described in detail for two IS families: T7 ([@evu052-B26]) and IS200 ([@evu052-B53]). In the case of T7, an accessory factor, TnsE, interacts physically with the β sliding clamp and targets the T7 transposase preferentially to conjugative plasmids. A study of the orientation of many independent chromosomal insertion events revealed a clear TnsE-dependent, replication-dependent bias ([@evu052-B30]). On the other hand, IS200 shows a clear orientation bias in bacterial chromosomes, explained by its requirement for ssDNA found mainly in the lagging strand at replication forks ([@evu052-B53]). However, it is important to note that interaction with replication does not necessarily impose an orientation bias (see later).

Our observations ([fig. 1](#evu052-F1){ref-type="fig"}, [table 1](#evu052-T1){ref-type="table"}) suggest that there is a replication-dependent bias in some IS families and that whether the bias is in favor or against the direction of movement of the replication fork is IS-family dependent. For many families, this bias is strong in Firmicutes but absent in Proteobacteria and Actinobacteria. Because it is unlikely that ISs are mechanistically different in Firmicutes, when compared with the other phyla, this result strongly suggests that ISs insertions in Firmicutes behave differently that in other phyla as direct consequence of distinct chromosomal replication dynamics in this group.

The β Sliding Clamp as a General Link between Transposition and Replication
---------------------------------------------------------------------------

In our search for host factors that interact with transposition, we performed a systematic search for the β-binding motif in transposases. We then assayed synthetic peptides derived from *E. coli* transposases by using the *E. coli* β clamp found in this organism. Our approach was limited by 1) our ability to recognize the canonical β interaction motif in *E. coli* transposases, as variation within the motif is high, even in well-characterized enzymes ([@evu052-B11]), 2) the sensitivity of the biochemical techniques, and 3) the absence of some IS families in sequenced *E. coli* genomes. However, the finding of the motif for interaction with β in nine different transposase families suggests a possible general mechanistic link between IS transposition and chromosomal replication.

In addition to providing processivity to DNA polymerases, the main role of sliding clamps in most studied systems, such as Okazaki fragment processing or DNA polymerase switching during lesion bypass, is targeting enzymes to active replication sites to couple and coordinate their activities. However, and given the diversity of transposition mechanisms, it is possible that β is used in distinct ways by the different transposases. It has been proposed that β targets Tn7 to replication in conjugative plasmids as a mechanism for dissemination to new hosts ([@evu052-B30]; [@evu052-B26]). In the case of IS200, binding to β could help the transposase to localize to sites with increased amounts of ssDNA, such as replication forks or repair sites, thus increasing the efficiency of the excision or insertion processes. If transposition requires DNA synthesis by a DNA polymerase, β would allow polymerase recruitment, because the five DNA polymerases present in *E. coli* require β ([@evu052-B22]). β could be bound by the transposase first to initiate the reaction and then used to target the appropriate polymerase in a subsequent step, as in the case of transposases that use a copying mechanism.

Our results indicate that IS families with diverse transposition mechanisms (DDE, Y1-, Y2-, and S-transposases) could interact with the replisome similarly, suggesting convergent evolution for interaction with the host ([supplementary table S5](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1) online). For example, strong β-binding motifs can be found in TnpB of IS66a, in two different positions within TnpC, or in both proteins ([fig. 3](#evu052-F3){ref-type="fig"}*E* and [supplementary table S5](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1) online). Similarly, a putative motif can be found in the C-terminus of OrfB of IS200/IS605 in Cyanobacteria ([supplementary table S5](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1) online) but seems absent in other phyla at that position and variants of Tn7 harbor β-binding motifs in proteins TnsC or TnsE ([@evu052-B26]). Transposase sequences found in chromosomes show a considerable degree of diversity and degeneracy. This diversity is especially acute near the C-terminus of the proteins. It is tempting to speculate that the C-terminal β motif can be easily not only deleted but also, due to its relative simplicity, regenerated de novo from unrelated sequences. This pattern could explain, for example, the strong β-binding motifs found for ISL3 or for IS200/IS605 (OrfB) in Cyanobacteria ([supplementary table S5](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1) online), which are found within an apparently nonhomologous sequence context. Indeed, we have identified several β-motif sequence alternatives for IS200 transposases ([supplementary table S5](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1) online), two of them present in *E. coli* ([fig. 3](#evu052-F3){ref-type="fig"}*A*), where the location of the motif within the transposase is very similar but the surrounding sequence context is different. In Archaea, we have identified a clear PCNA motif also at the C-terminus of IS200 ([fig. 3](#evu052-F3){ref-type="fig"}*D* and [supplementary table S5](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1) online). These findings suggest that the ability to interact with sliding clamps is likely to have evolved repeatedly and independently in the different transposase families and even within the different lineages in the same family. Evolutionary convergence has also been proposed for transposase domains and transpososome architecture ([@evu052-B23]). On the other hand, because sliding clamps are universal and highly conserved, adaptation of transposases to binding β in new organisms could require only subtle sequence changes, facilitating IS exchange among phylogenetically distant organisms.

Although the β-binding motif is short and relatively poorly conserved, the competition assay with the strongly binding ligand GST-PolIV^LF^ ([fig. 3](#evu052-F3){ref-type="fig"}*C*) assured that the proposed peptides bind to β and at the same time mapped the interaction to the canonical hydrophobic pocket where all other enzymes also bind ([fig. 4](#evu052-F4){ref-type="fig"}*A*). However, further work, outside the scope of the global survey presented here but now in progress, will be required to study purified transposases and their functional interaction with β in vitro, as well as the development of in vivo assays of the interaction for each transposition system. The fact that all transposases found interacting with β do so at the same position in competition with replication and DNA repair factors predicts that an excess of ISs in the genome could be disruptive to DNA replication. Competition between ISs within a genome is also a possibility, as suggested by the genome ecosystem hypothesis ([@evu052-B20]; [@evu052-B4]). According to this view, mobile elements in a genome are analogous to an ecological community in which its components have a limited access to host resources (e.g., space in the chromosome, host factors required for transposition). Their fate would be a function of their ability of adaptation and proliferation in a given genomic environment. Future studies will be required to determine if the relative affinity of a transposase for β could alter its chances of success in this ecosystem and, in the process, also determine the fate of its host ([@evu052-B57]). F[ig]{.smallcaps}. 4.---Structural and functional asymmetries contributing to biased orientation of ISs in chromosomes. (*A*) Structure of *Escherichia coli* β, front (left) and side (right) views (PDB: 2POL). Arrows indicate the hydrophobic pockets on the surface of each monomer of β that are the sites of interaction of all β partners studied and of all the transposase peptides described in this study. (*B*) The asymmetry of transpososomes (green circles) in their interaction with β could determine the orientation of the transposase gene (orange arrow). The interaction "face" of β is colored red, the other blue. (*C*) Models of replisomes of *E. coli* and *Bacillus subtilis*. β is loaded on DNA by the γ-complex, which for leading strand synthesis positions β facing the direction of movement of the replication fork and in the opposite orientation in the lagging strand. On the left panel, the *E. coli* the replisome shows a homogeneous concentration of β associated with the synthesis of both strands ([@evu052-B34]). On the right panel, β accumulates in "clamp zones" as the *B. subtilis* replisome progresses, possibly due to slow recycling after Okazaki fragment synthesis, creating an asymmetry in the distribution of β associated to the synthesis of leading and lagging strands ([@evu052-B50]).

Replisome Composition Could Explain the Orientation Biases in Firmicutes
------------------------------------------------------------------------

Although β interacts with transposases involved in various transposition pathways, this alone does not imply the generation of an orientation bias for these IS families in chromosomes. However, the strong orientation bias of some IS families found in Firmicutes ([table 1](#evu052-T1){ref-type="table"}) could be readily explained by three concurring circumstances: first, the interaction of asymmetric transpososomes with β (symmetric transpososomes would not result in chromosomally biased orientations); second, the fact that β is loaded on DNA in a regular, oriented, manner by the replisome and that all factors that interact with it do so on the same face of the ring ([@evu052-B21]); and third, differences in the amount of β associated with the synthesis of the leading and lagging strands ([fig. 4](#evu052-F4){ref-type="fig"}). In *B. subtilis,* β is slowly recycled after synthesis of the Okazaki fragments (lagging strand) and tends to accumulates in "clamp zones," where β is presumably free to interact with other factors ([@evu052-B50]). In contrast, β content associated to the synthesis of both strands in the *E. coli* replisome is homogeneous, possibly because of tighter recycling after Okazaki fragment completion ([@evu052-B34]). The strongly asymmetric content of β associated with synthesis of the leading versus lagging strands in *B. subtilis* could explain the orientation bias found for IS families in Firmicutes ([fig. 4](#evu052-F4){ref-type="fig"}*C*). In Proteobacteria, however, we find three strongly biased families, IS91, IS110, and IS200. Although we have found an interaction of IS91 and IS200 with β ([fig. 3](#evu052-F3){ref-type="fig"}), other additional mechanisms could add to their orientation pattern. IS91 uses a rolling-circle mechanism that requires DNA synthesis and that, because the IS ends are different, is strongly asymmetric ([@evu052-B13]; [@evu052-B10]; [@evu052-B8]). IS200 orientation is determined by its use of ssDNA and preferential insertion in the lagging strand ([@evu052-B53]). No mechanistic model is available for IS110 that could explain its orientation, but, as mentioned before, specific targeting could also be involved.

Our model relies critically in three levels of asymmetry generating the observed biases: binding to β ([fig. 4](#evu052-F4){ref-type="fig"}*A*), the replication fork ([fig. 4](#evu052-F4){ref-type="fig"}*C*), and the transpososome ([fig. 4](#evu052-F4){ref-type="fig"}*B*). Although asymmetries derived from the first two have been analyzed extensively, only a few transpososomes have been studied in structural detail (reviewed in [@evu052-B12]). Although transpososomes consist of homomultimeric transposases, major conformational and functional asymmetries (e.g., sequential cleaving of DNA ends) have been found, for example, in the transposition pathways of Tn5 ([@evu052-B35]), Mu ([@evu052-B23]), IS91 ([@evu052-B13]), IS3 ([@evu052-B45]), or IS200 ([@evu052-B42]). In all cases, if β binds preferentially to one of the transposases, then an orientation bias during insertion on DNA could be the result ([fig. 4](#evu052-F4){ref-type="fig"}*B*). Otherwise, if interaction of β with either transposase is identical, the result would be random orientation with respect to DNA. Both possibilities are plausible, and detailed interaction studies will be required to study what is the case for each transpososome architecture. In the well-studied IS200 transpososome, an ssDNA transposition system, the architecture is inherently asymmetric due to the polarity of ssDNA. According to our peptide data ([fig. 3](#evu052-F3){ref-type="fig"}, [supplementary table S5](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1) online), the region of interaction of IS200 TnpA with β would align with αE, an α-helix close to the catalytic tyrosine, as revealed by the IS*Hp*608 crystal structure ([@evu052-B42]). This C-terminal α-helix is likely to be highly flexible, but it is uncertain to what extent an interaction of either subunit with β would impose an additional asymmetry to the complex.

We have been unable to identify a β motif in 12 IS families that show orientation bias in one or more Phyla. A strong possibility is that we have failed to detect the β motif in sequences from these families, as its conservation is weak and transposases show high variability. Other possibilities are that these transposases bind β using a noncanonical motif or interaction with other replication structures or host factors.

Conclusions
===========

Our study shows a general interaction between transposition and replication mediated by the β sliding clamp, which is revealed differently in the various Phyla as a consequence of distinct chromosome replication dynamics. In Firmicutes, the interplay of transposases with replication could create an orientation bias in many IS families as a consequence of the asymmetry in the distribution of β at the replication fork. We would like to propose that ISs could derive a double benefit from their β-mediated association with replication: first, integration with host chromosomal replication, possibly required for their proliferation within the chromosome, and, second, a universal, highly conserved, platform of dispersal between species. The interaction with β could therefore provide the key to the ubiquitous nature of insertion elements in bacterial genomes, highlighting a remarkable example of extreme molecular adaptability.
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[^2]: N[ote.]{.smallcaps}---The table presents, for the groups Proteobacteria, Actinobacteria, and Firmicutes, the number of chromosomes in which a particular IS family was detected, the total number of copies, and the orientation test (Orient.), with *P* values representing the probability of obtaining, in 10^6^ sample Monte Carlo simulations, a value as extreme as the one that was calculated from the observed data (see Tests on the orientation distribution of IS elements at Phylum level under Materials and Methods) are presented in the table. See [supplementary table S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1) online, for nomenclature and IS classification scheme. The analyzed genomes are those marked in red in [supplementary table S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu052/-/DC1) online (one strain per species to avoid database redundancy). *P* values (*P* \< 0.05 in bold, *P* \< 10^−2^ shaded gray) indicate an asymmetric distribution of IS elements in chromosomes in terms of their orientation relative to the local GC skew sign. IS families with less than 20 copies detected were omitted.
